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To investigate a possible intracellular coassociation of the paramyxovirus simian virus 5 (SV5) and human parainfluenza
virus type 3 (HPIV-3) fusion (F) and hemagglutinin–neuraminidase (HN) glycoproteins in a living cell, without resorting to
chemical crosslinking and antibody coimmunoprecipitation, we tagged the cytoplasmic N-terminus of SV5 HN with a RRRRR
motif and HPIV-3 HN with a RRR motif for endoplasmic reticulum (ER) retention. In addition, we tagged the cytoplasmic C-
terminus of SV5 and HPIV-3 F with a KK motif. The RRR- or RRRRR-tagged HN molecules were coexpressed in mammalian
cells together with the homologous wt F proteins, and the KK-tagged F molecules were coexpressed with the homologous
wt HN proteins, and in each case the transport of the wt F or HN molecules was investigated. The data suggest that an
association of F and HN of sufficient affinity to alter the transport of the reporter molecule does not occur intracellularly
in the ER or the Golgi apparatus. q 1997 Academic Press
INTRODUCTION fusion. However, in contrast to the strict requirement for
expression of the homotypic HN protein found for other
For many paramyxoviruses, their fusion (F) protein only
paramyxoviruses, SV5 F protein caused fusion when it
causes syncytium formation when coexpressed with
was coexpressed with influenza virus hemagglutinin (HA)
their homotypic hemagglutinin–neuraminidase (HN) gly- or HPIV-3 or NDV HN proteins (Bagai and Lamb, 1995,
coprotein (Cattaneo and Rose, 1993; Ebata et al., 1991; 1996). Thus, the SV5 F protein has different requirements
Horvath et al., 1992; Hu et al., 1992; Morrison et al., 1991; from other paramyxovirus F proteins.
Sakai and Shibuta, 1989; Tanabayashi et al., 1992; Taylor It seems unlikely that the F protein hydrophobic fusion
et al., 1991; Wild et al., 1991). In contrast, for simian virus peptides are freely exposed to an aqueous environment
5 (SV5) a large body of evidence indicates that the F after cleavage–activation (either in the trans Golgi net-
protein alone can cause syncytia formation (Paterson et work or at the cell surface) as aggregation of the F pro-
al., 1984, 1985, 1989; Horvath and Lamb, 1992; Horvath tein oligomers would most likely occur. Thus, it has been
et al., 1992; Ward et al., 1995; Bagai and Lamb, 1995, hypothesized that the cleaved F protein undergoes a
1996). It has been suggested for those viruses that re- conformational change to expose the fusion peptide at
quire HN for fusion, that a type-specific interaction oc- the right time and in the right place (Lamb, 1993; Sergel
curs between the HN and F proteins that is necessary et al., 1993). For influenza virus HA the metastable
for fusion to occur (Hu et al., 1992; Sergel et al., 1993; Yao cleaved neutral pH form of HA undergoes a low pH-
et al., 1997; reviewed in Lamb, 1993). When we tested triggered conformational change to expose the buried
the biological activity of F and HN cDNAs of several fusion peptide (Bullough et al., 1994; Carr and Kim, 1993;
paramyxoviruses using the same expression system and Skehel et al., 1982). However, the trigger for the pro-
the same cell type, we found that for the SV5 F protein posed paramyxovirus conformational change has not
coexpression of SV5 HN did not markedly increase the been identified. For paramyxoviruses that require coex-
number of syncytia, whereas for human parainfluenza pression of the homotypic F and HN to undergo exten-
virus 3 (HPIV-3) and Newcastle disease virus (NDV), sive cell– cell fusion, one model for a tightly regulated
coexpression of F with the homotypic HN was a require- trigger for a conformational change in F that has been
ment for syncytia formation (Horvath et al., 1992). When proposed is that upon HN binding its receptor, sialic
the vaccinia virus–T7 RNA polymerase expression sys- acid, the HN protein undergoes a conformational
tem was used to express the SV5 F and HN cDNAs, an change, which in turn could trigger the conformational
attachment protein was required to obtain SV5 F protein change in F (Lamb, 1993; Sergel et al., 1993). For viruses
such as SV5 for which coexpression of HN only weakly
influences cell–cell fusion (Horvath et al., 1992), an F1 To whom reprint requests should be addressed. Fax: (847) 491-
2467. E-mail: ralamb@nwu.edu. conformational change may be hair-triggered by contact
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of F with the target membrane or triggered after docking of SV5 and HPIV-3 HN with a RRR motif for ER retention.
In addition, we tagged the cytoplasmic C-terminus ofof F with an unrecognized receptor on the target mem-
brane (Lamb, 1993). SV5 and HPIV-3 F with a KK motif. The RRR-tagged HN
molecules were coexpressed in mammalian cells to-A physical association of F and HN has been inferred
from the studies on coexpression of F and HN and the gether with wt F, and the KK-tagged F molecules were
coexpressed with wt HN, and in each case the transportfindings that specific mutations in HN lead to loss of
fusion (Deng et al., 1995; Tanabayashi and Compans, of the wt F or HN molecules was investigated. The data
suggest that an association of F and HN of sufficient1996; Tsurodome et al., 1995). Coimmunoprecipitation
studies have not demonstrated a stoichiometric associa- affinity to alter the transport of the reporter molecule does
not occur in the ER or the Golgi complex.tion of F and HN although some recent studies indicate
that small amounts of F and HN can be coimmunoprecipi-
tated (Malvoisin and Wild, 1993; Yao et al., 1997; R. G. MATERIALS AND METHODS
Paterson and R. A. Lamb, in preparation). CD4 and hu-
Plasmidsman immunodeficiency virus gp160 are two proteins that
are known to associate due to a receptor–ligand interac- cDNAs to SV5 F and HN were those described pre-
tion. Intracellular retention of gp160 has been achieved viously (Hiebert et al., 1985; Paterson et al., 1984). cDNAs
by making a soluble form of CD4 (sCD4), lacking a trans- to HPIV-3 F and HN (Galinski et al., 1987) were obtained
membrane anchor domain and cytoplasmic tail, and add- from Dr. Mark Galinski. The cDNAs were cloned into
ing to sCD4 a C-terminal signal (residues KDEL) (Munro pGEM3 such that mRNA transcripts could be produced
and Pelham, 1987) that mediates retention of the soluble under the control of the T7 RNA polymerase promoter.
protein in the endoplasmic reticulum (ER) lumen. The The ER retention signals were added to the cytoplasmic
retention of sCD4–KDEL in the ER greatly restricted ex- domains of F and HN (F–ER and HN–ER) by subjecting
pression of gp160 at the cell surface (Buonocore and the cDNAs to site-specific mutagenesis using the unique
Rose, 1990). This approach was adapted for investigating site elimination system (Deng and Nickoloff, 1992) and
putative interactions of paramyxovirus F and HN proteins. using U.S.E. reagents and protocols from Pharmacia Bio-
A KDEL–ER retention signal was attached to a soluble Tech (Piscataway, NJ). The nucleotide sequence of the
form of HPIV-3 F protein and it was found in coexpression altered cDNAs was obtained.
studies that HPIV-3 F–KDEL down-regulated surface ex-
pression of not only the homotypic HPIV-3 HN protein Viruses and cells
but also of HN/H from SV5, Sendai virus, and measles
Monolayer cultures of HeLa-T4 cells and CV-1 cellsvirus (Tanaka et al., 1996). These promiscuous interac-
were grown in DMEM supplemented with 10% NU-Serumtions are in stark contrast to the type-specific nature
IV (Collaborative Research Laboratories, Inc., Bedford,of the requirement of HN for fusion promotion found in
MA). A recombinant vaccinia virus vTF7-3 (which ex-previous studies. Thus, it is possible that the nature of
presses T7 RNA polymerase) was grown in CV-1 cellsthe HPIV-3 F–KDEL interactions with heterotypic HN
as described previously (Fuerst et al., 1986).molecules is due to inappropriate protein–protein inter-
actions, perhaps due to incomplete protein folding. Transient expression of F and HN and metabolic
For type I integral membrane proteins that are resident labeling of cells
in the ER, the retention signal resides in the cytoplasmi-
cally exposed tail (Nilsson et al., 1994). Extensive muta- Subconfluent monolayers of CV-1 cells on 60-mm di-
ameter plastic dishes were infected with recombinanttional analysis indicated that two lysine residues posi-
tioned three and four or five residues from the C-terminus vaccinia virus vTF7-3 at a multiplicity of infection of 10
PFU per cell and incubated at 377 for 45 min. The virusrepresent the retention motif, and this signal can be
transferred to proteins normally expressed at the plasma inoculum was removed, and cells were washed twice
with Opti-Mem (GIBCO BRL, Gaithersburg, MD) andmembrane to retain them in the ER (Jackson et al., 1990;
Sakaguchi et al., 1996). For retention of type II integral transfected with plasmid DNAs, using cationic liposomes
made in our laboratory as described previously (Rose etmembrane proteins in the ER it has been found that
multiple arginine residues close to the cytoplasmically al., 1991). cDNA encoding F, F–ER, HN, and HN–ER was
kept at 2.5 mg and the total DNA transfected was keptexposed N-terminus constitute a retention signal
(Schutze et al., 1994) and this signal can be transferred at 5.0 mg, where necessary adding pGEM3 vector DNA
to keep the total DNA amount constant. At 5 hr post-to the N-terminal cytoplasmic tail of a protein normally
expressed at the plasma membrane (transferrin receptor) transfection (p.t.) cells were washed twice in phosphate-
buffered saline and then incubated in cysteine- and me-to retain it in the ER (Schutze et al., 1994).
To investigate the possible coassociation of SV5 and thionine-deficient DMEM (DMEM Cys0/Met0) for 30 min.
Cultures were metabolically labeled with Trans[35S]-La-HPIV-3 F and HN glycoproteins in a living cell, without
resorting to chemical crosslinking and antibody coimmu- bel (200 mCi/ml) (ICN RadioChemicals, Irvine, CA) in
DMEM Cys0/Met0 for 10 min and incubated in chasenoprecipitation, we tagged the cytoplasmic N-terminus
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medium (DMEM supplemented with 2 mM unlabeled
cysteine and methionine and 2% NU-Serum IV), for vary-
ing periods. Cells were lysed in ice-cold radioimmuno-
precipitation assay buffer containing a cocktail of prote-
ase inhibitors (Paterson and Lamb, 1987) and 25 mM
iodoacetamide.
Immunoprecipitation and SDS–PAGE
For the SV5 F protein a rabbit antiserum raised to a
mixture of three synthetic peptides specific for F2 resi-
dues 2–30, 31–46, and 77–94 was used. For SV5 HN
protein mAbs HN1b and HN4b were used (Randall et al.,
1987). For HPIV-3 F protein mAb C215/4 and for HPIV-3
FIG. 1. Schematic diagram to illustrate the ER retention signalsHN protein mAbs 44/1 and 170/7 (Coelingh et al., 1987;
added to the C-terminal cytoplasmic tails of F proteins and the N-Coelingh and Tierney, 1989) were used, as well as HN
terminal cytoplasmic tails of HN proteins. For the F proteins, dashesmAb 13-5-9-6-2 (American Type Culture Collection, Rock-
indicate the amino acids upstream of the C-terminal five residues, and
ville, MD). Proteins were immunoprecipitated from cell for HN sequences dots indicate the sites of insertion of the ER retention
lysates as described previously (Lamb et al., 1978). Poly- sequences in the N-terminal cytoplasmic tail. The SV5 HN–ER con-
struct contained five arginine residues because it was found that apeptides were analyzed by SDS–PAGE on 15, 12, or 10%
construct containing three cytoplasmic tail arginine residues was notacrylamide gels under reducing conditions. Gels were
sufficient to retain HN intracellularly (data not shown).either processed for fluorography as described pre-
viously (Lamb et al., 1978) or analyzed for radioactivity
using a Fuji BioImager 1000 and MacBas Software (Fuji on NP-40 solubilized cell lysates was performed as de-
Biomedical Instruments, Stamford, CT). scribed previously (Russell et al., 1994) using the cross-
linking reagent 3,3*-dithiobis(sulfosuccinimidyl proprio-
Immunofluorescence nate) (DTSSP) (Pierce Chemical Co., Rockford, IL).
Coverslips of CV-1 cells transiently expressing F, F –
RESULTS AND DISCUSSIONER, HN, and HN– ER of SV5 or HPIV-3 were fixed in 0.2%
formaldehyde (freshly made) and for internal staining Expression of F and HN possessing ER retention
were permeabilized with 0.1% saponin. SV5 F-specific signals
mAb F1a, SV5 HN-specific mAbs HN1b and 4b, HPIV-3
F-specific mAb C215/4, and HPIV-3 HN-specific mAb 13- To attempt to retain the F and HN glycoproteins of SV5
5-9-6-2 were used as primary antibodies. Fluorescein and HPIV-3 in the ER, retention signals (ER) (Fig. 1) were
isothiocyanate-conjugated goat anti-mouse IgG was added to the cytoplasmic tails of the proteins, through
used as secondary antibody, and the procedure per- manipulation of the F and HN cDNAs by standard muta-
formed as described previously (Horvath et al., 1992). genesis procedures. F and HN proteins were expressed
Indirect immunofluorescence was examined using a Ni- using the vaccinia virus–T7 RNA polymerase expression
kon FXA photomicroscope (Nikon Corporation, Tokyo, system (Fuerst et al., 1986).
Japan). To examine the oligomeric form of F–ER and HN–ER,
cells expressing the proteins were metabolically labeled
Endo-b-N-acetyl glucosaminidase digestions with Tran[35S]-Label, lysed in detergent buffer, and chem-
ically crosslinked by addition of DTSSP. F and HN spe-
To test for the conversion of N-linked carbohydrate
cies were immunoprecipitated using appropriate anti-
chains from high-mannose to complex carbohydrate
sera and crosslinked species analyzed by SDS–PAGE.
forms, immune complexes bound to protein A–Sepha-
As shown in Fig. 2, SV5 and HPIV-3 F and F–ER species
rose beads were eluted with 0.1% SDS and digested
migrated as species 1, 2, and 3, and species 3 (Mr 195with 1 mU of endo-b-N-acetyl glucosaminidase (Endo H)
kDa) is consistent with an F trimer (Russell et al., 1994).
(Boehringer Mannheim Biochemicals, Indianapolis, IN)
SV5 and HPIV-3 HN and HN–ER species both formed
as described previously (Paterson and Lamb, 1993).
dimers and tetramers as observed previously for HN
(Russell et al., 1994). Thus, addition of the ER retentionChemical crosslinking
signals to F and HN did not perturb the oligomerization
of the proteins, a possible concern given that some cyto-HeLa-T4 cells transiently expressing the SV5 and
HPIV-3 F or HN proteins or their resident ER-tagged plasmic tail alterations affect viral glycoprotein oligomer-
ization (reviewed in Doms et al., 1993).forms were labeled with Trans[35S]-Label (200 mCi/ml) in
DMEM Cys0/Met0 for 30 min at 5 hr p.t. and incubated To investigate the efficacy of the ER retention signals
immunofluorescent staining of cell surfaces and saponin-in chase medium for 2 hr. Chemical crosslinking analysis
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FIG. 2. Oligomeric form of the SV5 and HPIV-3 F–ER and HN–ER proteins. To express the wt F and HN proteins and the ER-retained F–ER and
HN–ER proteins, HeLa-T4 cells were infected with vaccinia virus vTF7–3 at 10 PFU per cell for 45 min at 377 and then transfected with the pGEM3
plasmids encoding the F, F–ER, HN, and HN–ER proteins as described under Materials and Methods. Transfected cells were metabolically labeled
with Trans[35S]-Label (200 mCi/ml) at 5 hr p.t. for 30 min and incubated in chase medium for 2 hr. Crosslinking reactions were formed on cell
suspensions lysed in 0.5% NP-40 as described under Materials and Methods. F and HN species were immunoprecipitated with appropriate antisera
as specified under Materials and Methods and polypeptides analyzed on a 3.5% gel under nonreducing conditions. The three predominant F species
are indicated as 1, 2, and 3 and the three predominant HN species are indicated as M, D, and TT.
permeabilized cells was performed using conformation- became Endo H resistant. In contrast, F–ER did not ac-
specific monoclonal antibodies. In addition to allowing quire Endo H resistance after a 3-hr chase period, con-
the determination of the cellular localization of the F – sistent with the intracellular retention of the bulk of the
ER and HN–ER molecules, reactivity with conformation- F–ER molecules in a compartment before the cis Golgi
specific mAbs provided another indicator of normal poly- compartment (data not shown). As we have shown pre-
peptide folding of F–ER and HN–ER. It was found that, viously, whereas F0 and F1 species acquire Endo H resis-
whereas SV5 F and HN proteins could be readily stained tance, F2 does not, and F0 that is Endo H sensitive comi-
at the cell surface, SV5 F-ER and SV5 HN-ER showed grates with F1 that is Endo H resistant, which complicates
bright intracellular staining but only minimal cell surface the data analysis (Bagai and Lamb, 1995; Horvath and
staining (Fig. 3), consistent with intracellular retention of Lamb, 1992). Thus, to monitor intracellular transport of
the bulk of the SV5 F–ER and SV5 HN–ER molecules, F, it is more convenient to assay for cleavage of F0 to F1
presumably predominantly in the ER (see below). The and F2 , which occurs in the trans Golgi network (TGN).
fluorescent staining patterns obtained for HPIV-3 F, F – As shown in Fig. 4, in a pulse –chase protocol, cleav-
ER, HN, and HN–ER molecules paralleled those of their age of wt F0 can be detected readily after a 60-min chase
SV5 counterparts (data not shown). period. In contrast, at all times examined after a pulse
label, F –ER was only observed in the precursor form,
Intracellularly retained SV5 F–ER or HN–ER do not F0 . With increasing chase period the gel mobility of F0
coretain wt HN or wt F, respectively became slightly faster, an observation consistent with
trimming of glucose and mannose from carbohydrateThe simplest means of monitoring intracellular trans-
chains in the ER or cis Golgi compartment. Coexpressionport of glycoproteins is to determine the sensitivity of
of SV5 wt F with SV5 wt HN or SV5 HN– ER did not affecttheir carbohydrate chains to Endo H, as resistance to
cleavage of F0 , and the cleaved species F1 and F2 couldEndo H digestion is an indicator of conversion of the
be readily detected by 60-min chase period (Fig. 4 andhigh-mannose carbohydrate form to the complex form,
Table 1).which occurs in the cis Golgi compartment. When SV5
To monitor intracellular transport of HN and HN–ER,wt F and SV5 F–ER were examined for Endo H resistance
the susceptibility of HN carbohydrate chains to digestionit was found, as shown previously (Bagai and Lamb,
1995; Horvath and Lamb, 1992), that the wt F species with Endo H was measured. As shown in Fig. 5, Endo
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FIG. 3. Cell surface and internal immunofluorescent staining of the SV5 F, F–ER, HN, and HN–ER proteins. HeLa-T4 cells transiently expressing
the SV5 F and HN proteins and their ER-retained altered forms at 5 hr p.i. were fixed in 0.1% formaldehyde. For internal staining cells were
permeabilized with 0.2% saponin. Immunofluorescent staining was done as described under Materials and Methods. Mock-treated cells were
transfected with pGEM-3 DNA.
H-resistant HN (HNR) species could be detected readily that was Endo H resistant was detected after 240 min of
chase. These molecules detected biochemically proba-by 60-min chase after a pulse label. In contrast HN–ER
Endo H-resistant species could not be detected in a 180- bly reflect the HN–ER molecules that could be detected
at a very low level by surface fluorescent staining (Fig.min chase period but a very small amount of HN–ER
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FIG. 4. SV5 F protein cleavage kinetics are unaffected by coexpression of SV5 HN or HN–ER proteins. HeLa-T4 cells expressing SV5 F protein
or SV5 F–ER protein or coexpressing SV5 F and wt HN or SV5 F and HN–ER proteins were labeled with Trans[35S]-Label (200 mCi/ml) at 5 hr p.t.
for 10 min and incubated in chase medium for the times indicated. Polypeptides were immunoprecipitated with F2-specific serum and HN mAbs
1b and 4b, and polypeptides were analyzed by SDS–PAGE on 12 or 15% gels under reducing conditions. Radioactivity was analyzed and quantified
using a Fuji BioImager 1000 and MacBas software.
3) and these data suggest that although the intracellular coexpression of SV5 F and SV5 HN–ER or SV5 HN and
SV5 F–ER does not cause a block in the intracellularretention of HN–ER is quite efficient it is not absolute.
A polypeptide species that comigrates with HNR, which transport of the SV5 wt F and wt HN proteins.
was insensitive to Endo H treatment, was detected at
the later times of the chase period and it was also found Intracellularly retained HPIV-3 F–ER or HN–ER do
in mock-transfected cells at the same times post-pulse not coretain wt HN or wt F, respectively
labeling (Fig. 5, lanes mock). This polypeptide species
is thought to be immunoprecipitated nonspecifically. When HPIV-3 F was expressed in cells, cleavage of
the precursor F0 to the disulfide-linked subunits F1 andCoexpression of SV5 wt HN with either SV5 wt F or
SV5 F–ER did not cause a change in the formation of F2 could be detected 30–60 min after a pulse label (Fig.
6). In contrast, for HPIV-3 F–ER, no cleavage productsEndo H-resistant HN species from that observed when
HN was expressed alone (Fig. 5 and Table 1). Thus, were detected after a 3-hr chase period, consistent with
retention of F–ER in a compartment prior to the TGN inalthough it has been shown that the SV5 F–ER and SV5
HN–ER proteins are each retained intracellularly (Fig. 3), the exocytic pathway. Coexpression of HPIV-3 wt F with
TABLE 1
% Endo H resistance a % F cleavage a
Time (min) HN alone HN / wt F HN / F–ER F alone F / wt HN F / HN–ER
SV5 0 4.7 1.7 6.6 14.7 10.3 16.8
30 10.0 9.1 7.9 7.4 15.3 19.5
60 34.6 39.4 31.5 43.8 60.0 55.9
90 57.5 60.2 54.4 58.5 68.3 69.7
120 71.9 69.9 65.2 76.7 75.6 77.5
180 81.2 76.5 72.4 82.3 84.7 86.5
HPIV-3 0 9.3 BK 2.4 8.2 14.5 11.5
30 11.6 BK 7.8 16.7 15.0 18.0
60 64.0 75.3 70.4 51.5 63.8 53.5
90 65.0 79.7 76.2 67.0 74.4 66.6
120 67.9 85.2 78.8 74.7 80.3 72.3
180 63.3 82.0 80.7 76.2 83.6 79.6
Note. The values for F–ER or HN–ER expressed alone are not shown because they were not significantly above background values.
a An average of two experiments. BK, background values.
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FIG. 7. Kinetics of intracellular transport of HPIV-3 HN protein to the
medial Golgi apparatus is unaffected by coexpression of HPIV-3 F or
F–ER proteins. HeLa-T4 cells expressing HPIV-3 HN protein or HPIV-
FIG. 5. Kinetics of intracellular transport of SV5 HN protein to the 3 HN–ER protein or coexpressing HPIV-3 HN and wt F or HPIV-3 HN
medial Golgi apparatus is unaffected by coexpression of SV5 F or F– and F–ER protein were labeled with Trans[35S]-Label (200 mCi/ml) at
ER proteins. HeLa-T4 cells expressing SV5 HN protein or SV5 HN–ER 5 hr p.t. for 10 min and incubated in chase medium for the times
protein or coexpressing SV5 HN and wt F or SV5 HN and F–ER proteins indicated. Polypeptides were immunoprecipitated with an HN-specific
were labeled with Trans[35S]-Label (200 mCi/ml) at 5 hr p.t. for 10 min mAb and incubated with (/) or without (0) Endo H and analyzed on
and incubated in chase medium for the times indicated. Polypeptides a 12% gel under nonreducing conditions. Mock: cells not transfected
were immunoprecipitated with HN mAbs 1b and 4b and incubated with with DNA were labeled as above and incubated in chase medium for
(/) or without (0) Endo H and analyzed on a 10% gel under reducing 240 min. Radioactivity was analyzed as for Fig. 4.
conditions. Mock: cells not transfected with DNA were labeled as above
and incubated in chase medium for 240 min. Radioactivity was analyzed
as for Fig. 4. immunoprecipitable HN or HN–ER increased from 0 to
60 min of chase period, an observation consistent with
HN gaining full reactivity with the conformation-specificHN–ER did not cause a significant change in the time
mAb during its folding process. When HPIV-3 wt HN andafter the pulse label when F1 and F2 could be detected
wt F were coexpressed, a delay in the antigenic matura-(30–60 min, Fig. 6) compared to that observed for expres-
tion of HN was observed (Fig. 6 and Table 1). We havesion of wt F alone (Table 1).
not explored further the mechanism by which coexpres-The intracellular transport of HPIV-3 HN and HN–ER
sion of HPIV-3 HN and F causes a delay in accumulationwas monitored by measuring the resistance of HN carbo-
of mature HN protein but the phenomenon may be re-hydrate chains to Endo H digestion. As shown in Fig. 7,
lated to the posttranscriptional down-regulation of HPIV-HPIV-3 HN gained Endo H resistance between 30 and
1 HN synthesis observed by Bousse et al. (1997) when60 min after a pulse label, whereas HPIV-3 HN-ER did
the HPIV-1 F protein was overexpressed. Nonetheless,not acquire detectable Endo H resistance in a 240-min
these data do suggest that when F–ER or HN–ER ischase period. Coexpression of HPIV-3 F–ER with wt HN
retained intracellularly (and presumably predominantlydid not change the time at which the bulk of HPIV-3
in the ER) the decreased rate of maturation of HN wasHN molecules gained Endo H resistance (30–60 min of
not observed.chase) (Table 1). It was observed that the amount of
CONCLUSIONS
The data indicate that neither SV5 nor HPIV-3 F and
HN molecules when retained intracellularly in a compart-
ment prior to the medial Golgi apparatus have an intracel-
lular interaction with their homotypic HN or F protein of
sufficient affinity to cause reduced intracellular transport
of the partner glycoprotein. As the intracellularly retained
SV5 or HPIV-3 F and HN proteins were unable to alter
the intracellular transport of the homotypic HN and F
proteins we did not investigate the retention of the het-FIG. 6. HPIV-3 F protein cleavage kinetics are unaffected by coex-
erotypic proteins. These data are in contrast to thosepression of HPIV-3 HN or HN – ER proteins. HeLa-T4 cells expressing
HPIV-3 F protein or HPIV-3 F – ER protein or coexpressing HPIV-3 F obtained using an intracellularly retained soluble form
and wt HN or HPIV-3 F and HN – ER proteins were labeled with of the HPIV-3 F protein which caused down-regulated
Trans[35S]-Label (200 mCi/ml) at 5 hr p.t. for 10 min and incubated in surface expression of not only the homotypic HPIV-3 HN
chase medium for the times indicated. Polypeptides were immuno-
proten but also HN/H from SV5, Sendai virus, and mea-precipitated with F-specific serum and analyzed by SDS – PAGE on
sles virus (Tanaka et al., 1996). In our case it was deter-15% gel under reducing conditions. Radioactivity was analyzed as
for Fig. 4. mined that the F–ER and HN–ER oligomerized normally
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transient-expression system based on recombinant vaccinia virusand were reactive with conformation-specific antibodies.
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad.The folding status of the HPIV-3 soluble ER-retained F
Sci. USA 83, 8122–8126.
protein is unclear (Tanaka et al., 1996) and malfolded Galinski, M. S., Mink, M. A., and Pons, M. W. (1987). Molecular cloning
proteins in the ER are well known to form inappropriate and sequence analysis of the human parainfluenza 3 virus genes
encoding the surface glycoproteins, F and HN. Virus Res. 8, 205–disulfide bonds with other molecules during their synthe-
215.sis (reviewed in Doms et al., 1993). As HPIV-3 F and HN
Hiebert, S. W., Paterson, R. G., and Lamb, R. A. (1985). Identification andmolecules cocap at the plasma membrane (Yao et al.,
predicted sequence of a previously unrecognized small hydrophobic
1997; R. G. Paterson and R. A. Lamb, in preparation), it protein, SH, of the paramyxovirus simian virus 5. J. Virol. 55, 744–
is possible that HN and F of HPIV-3 only associate at 751.
Horvath, C. M., and Lamb, R. A. (1992). Studies on the fusion peptidethe plasma membrane. An association only at the plasma
of a paramyxovirus fusion glycoprotein: Roles of conserved residuesmembrane may be useful in controlling triggering of fu-
in cell fusion. J. Virol. 66, 2443–2455.sion at the right time and in the right place.
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